Background/Objectives This study examined the long-term relation of lipid-soluble micronutrients with diet quality as assessed by four a priori-defined dietary patterns. Subjects/Methods In a prospective design, nutritional biomarkers (carotenoids, tocopherols, retinol, and coenzyme Q10) were measured using a validated HPLC-based assay. General linear models were applied to obtain covariate-adjusted means of biomarkers for tertiles of four a priori diet quality indices: Healthy Eating Index (HEI) 2010, Alternative HEI (AHEI) 2010, Alternate Mediterranean Diet Score (aMED), and Dietary Approaches to Stop Hypertension (DASH). For a subcohort of 8367 participants within the Multiethnic Cohort (MEC), diet was assessed by a validated quantitative food frequency questionnaire in 1993-96 and serum was collected in 2001-06. Results Participants with the highest diet-quality scores had significantly higher serum concentrations of all carotenoids, total tocopherols, and α-tocopherol, whereas γ-tocopherol was inversely associated with diet quality. Adjusted means for the lowest vs. highest tertile of HEI 2010 were 1.2 vs. 1.5 mg/L for total carotenoids, 11.4 vs. 12.3 mg/L for total tocopherols, and 1.9 vs. 1.6 mg/L for γ-tocopherol (p trend < 0.0001). The associations for the other dietary indices were similar; no indication for sex and ethnic differences was detected. Vegetable and fruit components were major predictors of most circulating micronutrients, but most other components were also associated. Conclusions Higher diet-quality scores measured by four a priori diet quality indices were significantly associated higher serum concentrations of carotenoids and α-tocopherol, whereas γ-tocopherol was inversely associated with diet quality.
Introduction
As individuals consume foods not in isolation but in combination, nutritional epidemiologists have started to analyze dietary patterns, which are combinations of food components and represent an overall diet. A priori-defined dietary indices as indicators of diet quality measure the adherence to a predefined diet, such as the Mediterranean diet (MED) or the Dietary Approaches to Stop Hypertension (DASH), which are based on scientific evidence for healthy nutrition and dietary recommendations [1] , whereas a posteriori dietary patterns reflect the correlation structure between foods in a specific dataset. In general, dietary components such as vegetables, fruits, and fiber result score highly in a priori-defined dietary indices (Table 1 ) making them indicators of good diet quality. Dietary patterns have been associated with a reduced risk of type 2 diabetes, cardiovascular disease, cancer, and mortality [2] [3] [4] [5] [6] .
Understanding the biologic mechanisms underlying these risk reductions and their capacity for prevention is becoming more important to address increasing rates of chronic diseases [7] . The relation between diet and disease may be mediated by intermediate markers measured in biological samples as a result of bioactive nutrients in food or representing metabolic pathways [8] . For example, insulin resistance, triglycerides, and C-reactive protein concentrations were lower among participants of the Multiethnic Cohort (MEC) study consuming a high-quality diet [9] . Lipid-soluble micronutrients, such as carotenoids, retinoids, tocopherols, and coenzyme Q10, are a result of higher vegetable and fruit intake as part of a high-quality diet and may act as anti-oxidants [10, 11] .
Only a few studies have reported on the association between a priori-defined dietary patterns and lipid-soluble micronutrients. In cross-sectional studies among Italian and Spanish populations, better adherence to the MED was associated with higher blood levels of lipid-soluble micronutrients including carotenoids [12, 13] . Among Norwegian women, an a posteriori "Vegetarian" dietary pattern was positively associated with carotenoid levels, whereas a "Western" or "Continental" dietary pattern was inversely correlated with some plasma carotenoids [12] [13] [14] . To our knowledge, no study has yet investigated the association of diet quality with lipid-soluble micronutrients over many years. On these grounds, we examined the long-term relation of nutritional biomarkers (carotenoids, retinoids, tocopherols, and coenzyme Q10) with four a priori-defined dietary patterns, the Healthy Eating Index 2010 (HEI 2010), the Alternative HEI 2010 (AHEI 2010), the Alternate Mediterranean Diet Score (aMED), and the DASH, which were previously investigated within the MEC.
Participants and Methods

Study population
The MEC was established in Hawaii and Los Angeles to identify nutritional and genetic risk factors for cancer. Study protocols was approved by the institutional review boards of the University of Hawaii and the University of Southern California. Its design and implementation have been described elsewhere [15] . Briefly, baseline data were collected in 1993-1996 within five ethnic groups (Whites, Native Hawaiians, Japanese Americans, Latinos, and African Americans), aged 45 to 75 years and living in Hawaii or California. More than 215,000 men and women completed an extensive questionnaire containing a quantitative food frequency questionnaire (QFFQ) and questions related to demographics, health, anthropometric measurements, and lifestyle factors.
Dietary assessment and dietary indices
Based on the data from the validated QFFQ and a large database of recipes, four a priori-defined indices ( Table 1) were calculated within the MEC as described elsewhere [4] [5] [6] 15] . The HEI 2010 describes the adherence to the 2010 Dietary Guidelines for Americans [16] , whereas the AHEI 2010, which is based on the HEI, takes additional food groups into account that are consistently associated with a lower risk of chronic diseases in clinical as well as epidemiologic investigations [3] . The aMED as developed by Fung et al. [17] is based on the MED score developed earlier [18] . The DASH focuses on adherence to the DASH diet designed to lower hypertension [19] .
Blood collection and biomarker assessment
During 2001-2006, a biospecimen subcohort of consenting cohort members was established (N = 68,988). The majority of blood samples were collected after at least 8 h of fasting. Within this subcohort, a panel of biochemical markers was assessed from blood of 12,583 participants, using standard assays, who had served as controls in several case-control studies. Lipid-soluble micronutrient measurements were assessed in 8664 of these individuals during 2014-2016; this subset served as the basis for the current analysis. The micronutrients included 15 carotenoids, retinol, three tocopherols, and two coenzyme Q10 forms that were analyzed by an isocratic heart-cut two-dimensional high-performance liquid chromatography assay with photodiode-array detection [20] . This assay was continuously validated by participation in a quality assurance program organized by the National Institute for Standards and Technology. In this report, γ-tocopherol always refers to the sum of βand γ-tocopherol.
Statistical analysis
After excluding participants with invalid biomarker measurements and missing covariate data, the final cohort for analysis consisted of 8367 participants (3904 men and 4463 women) [15] . For each biomarker, adjusted means across tertiles of dietary indices were calculated using linear regression. The biomarkers were log-transformed to meet model assumptions; means were back-transformed for presentation in the tables. As a linear relation best fit the data, trends were analyzed by linear regression using standardized dietary pattern scores as the continuous exposure variables and log-transformed, standardized micronutrient variables as outcomes, in order to obtain standardized slope parameters that can be compared across models. Potential covariates were tested for correlations with dietary intake and improvement of model fit. The final model included age at blood draw, sex, ethnicity, body mass index (BMI) calculated from self-reported weight and height, and categorized by World Health Organization standards, smoking status, education, total energy intake, cholesterol concentration, and blood draw season as covariates.
The models were repeated after stratification by sex and ethnicity. In addition, effect modification by sex-ethnic (7) 224 (8) 281 (10) 212 (8) 239 (8) 241 (9) 236 (9) 278 (9) 178 (78) 109 (4) 203 (8) 380 (12) Afr. Am. 588 (21) 742 (27) 968 (35) 839 (30) 750 (27) 709 (25) 844 (29) 859 (27) 595 (26) 649 (25) 746 (28) 903 (29) Nat. Haw. 826 (30) 709 (25) 600 (21) 750 (27) 727 (26) 658 (24) 720 (25) 819 (25) 596 (26) 788 (30) 680 (25) 667 (22) Jap. Am.
(31)
883 (32) 803 (29) 680 (24) 827 (30) 1038 (37) 785 (27) 1006 (31) 754 (34) 883 (34) 795 (30) 867 (28) Latinos 329 (11) 231 (8) 137 (5) 308 (11) 246 (9) 143 (5) 294 (10) 276 (8) 127 (6) 170 (7) 250 (9) 277 (9) BMI, N (%) < 18.5
30 (1) 33 (1) 51 (2) 31 (1) 37 (1) 46 (2) 41 (1) 36 (1) 37 (2) 33 (1) 31 (1) 50 (2) 18.5-24.5 943 (34) 1077 (39) 1246 (45) 937 (34) 1068 (38) 1261 (46) 1054 (37) 1258 (39) 954 (42) 917 (35) 1007 (38) 1342 (43) 25.0-29.9 1161 (42) 1147 (41) 1011 (36) 1151 (41) 1144 (41) 1024 (36) 1174 (41) 1303 (40) 842 (37) 1057 (41) 1094 (41) 1168 (38) ≥ 30 655 (23) 532 (19) 481 (17) 670 (24) 540 (20) 458 (16) 610 (21) 641 (20) 417 (19) 592 (23) 542 (20) 534 (17) Smoking, N (%) b Never 1039 (38) 1339 (49) 1498 (54) 1194 (43) 1351 (49) 1331 (48) 1277 (45) 1515 (47) 1084 (48) 1079 (42) 1249 (47) 1548 (50) Former 1177 (42) 1121 (40) 1091 (39) 1084 (39) 1082 (39) 1223 (44) 1126 (39) 1310 (41) 953 (43) 995 (38) 1097 (41) 1297 (42) Current 550 (20) 304 (11) 188 (7) 487 (18) 336 (12) 219 (8) 448 (16) 393 (12) 201 (9) 509 (20) 306 (12) 227 (8) Total energy intake kcal/day 2306 (1107) 2120 (985) 2000 (907) 2001 (995) 2174 (1046) 2251 (973) 1632 (698) 2189 (934) 2728 (1114) 1910 (857) 
Results
Of the 8367 participants in the analysis dataset, 53% were women and 47% men with a mean age of 68 years at blood draw and an ethnic distribution of 8% White, 28% African American, 26% Native Hawaiian, 30% Japanese American, and 8% Latino. Compared with the full cohort, participants of the Biospecimen Subcohort were better educated and less likely to smoke, but were similar in age, BMI, and total energy intake (data not shown). Whereas a large proportion of women were in the top tertile of the dietary indices, men were found more often in the lowest tertile ( Table 2) . Individuals in the highest tertiles were in general older, had lower BMIs, were less likely to be smokers, and reported higher total energy intake. Participants with better diet quality had significantly higher serum concentrations of all measured carotenoids and α-tocopherol and significantly lower levels of γ-tocopherol (Table 3 and Fig. 1 ). Only for retinol, δ-tocopherol, and coenzyme Q10, no relation with diet quality was detected. The differences across extreme tertiles for the HEI 2010, aMED, and DASH were comparable but smaller for the AHEI 2010. For example, serum concentrations of total carotenoids increased from the lowest to the highest tertile by 25% for the HEI 2010, 24% for the aMED, 23% for the DASH, and 20% for the AHEI 2010.
When comparing standardized slope estimates across indices, the HEI 2010 tended to have the strongest association reflected in the largest regression coefficients in absolute value, whereas the AHEI 2010 had the weakest (smallest). In general, however, the patterns of the four Fig. 1 Adjusted means of circulating micronutrients for tertiles of four dietary indices [1] . Abbreviations: HEI Healthy Eating Index, aHEI alternative HEI, aMED alternate Mediterranean Diet Score, DASH Dietary Approaches to Stop Hypertension, T Tertile. 1 Values are geometric means (95% CIs) for all measured circulating micronutrients in ng/mL across tertiles of dietary indices; adjusted for age at blood draw, sex, ethnicity, BMI, smoking status, education, blood draw season, total energy intake, and cholesterol concentration. a Total carotenoids, b retinol, c total tocopherol, d gamma-tocopherol indices across circulating micronutrients were similar. The biomarker models for total carotenoids, carotenes, and cryptoxanthins had the highest regression coefficients (|β| > 0.2), models for luteins, α-tocopherol and γ-tocopherol (inverse) were intermediate (|β| = 0.1-0.2), and models for lycopenes, zeaxanthin, and retinol had the lowest (|β| < 0.1). Fig. 2 Linear trend for the change of standardized dietary index scores of the HEI 2010 components for circulating micronutrients [1] . Abbreviation: HEI Healthy Eating Index. 1 Beta coefficients (95% CIs) of the HEI 2010 components for major circulating micronutrients. The HEI 2010 components as well as total the HEI 2010 score were included as continuous variables in the model and adjusted for age at blood draw, sex, ethnic, BMI, smoking status, education, blood draw season, total energy intake, and cholesterol concentration. Circulating micronutrients were logtransformed and standardized Coenzyme Q10 and δ-tocopherol showed little relation with the dietary indices.
Stratified models and interaction terms did not suggest an influence of sex (p interaction = 0.69) or race/ethnicity (p interaction = 0.52) on the relation between the HEI 2010 and circulating micronutrients. Similar associations were observed for participants reporting supplement intake ( Supplementary Figure 1) , but regression coefficients were slightly higher in non-users than supplement users.
Analysis of the HEI 2010 components (Fig. 2) , selected because the HEI 2010's strong association with micronutrients, indicated significant associations of circulating micronutrients to most of the index components although the regression coefficients were generally weaker. Among these components, "total vegetables," "greens and beans," "total fruit," and "whole fruit" showed stronger associations with the micronutrients (β = 0.07-0.13) than the other components (β < 0.05). In particular, higher scores in total vegetable consumption associated with higher regression estimates for total carotenoids (β = 0.13, 95% confidence interval (CI): 0.11-0.15), carotenes (β = 0.14, 95% CI: 0.12-0.15), and luteins (β = 0.14, 95% CI: 0.12-0.16), whereas higher fruit intake scores were primarily associated with cryptoxanthins (β = 0.22, 95% CI: 0.20-0.24). Although inversely correlated, the associations for γ-tocopherol with all food components (|β| = 0.03-0.13) were equally strong; the highest regression coefficient estimate was observed for "total fruit" (|β| = 0.11, 95% CI: 0.13-0.08). Of the remaining components of the HEI 2010 index, "whole grains," "refined grains," and "empty calories" had higher regression coefficient estimates than the protein and fat components, but all were distinctly lower than the coefficient estimates for vegetables and fruits. For the other diet quality indices, similar patterns were observed with the strongest associations for fruits and vegetables (data not shown).
Discussion
In a subset of MEC participants, diet quality as assessed by the HEI 2010, AHEI 2010, aMED, and DASH was significantly associated with most individual serum carotenoids and tocopherols except δ-tocopherol. Total carotenoids were higher by 20-25% and α-tocopherol by 8%-13% across tertiles of diet quality, while γ-tocopherol was lower by 10%-13%. No significant associations were observed for retinol and coenzyme Q10. In general, the four indices showed similar associations with serum markers, although the influence of the AHEI 2010 appeared weaker than for the other three. Stratification by sex and race/ethnicity indicated little difference across groups, a novel finding as no previous reports for Japanese Americans, African Americans, Native Hawaiian, and Latinos have been reported.
The current findings are consistent with three previous studies reporting associations of micronutrients, including carotenoids, with versions of MED indices other than the aMED used here [17] . Azzini et al. [12] found the highest serum concentrations of lutein, zeaxanthin, cryptoxanthin, lycopene, and αand β-carotene in 131 participants with the best diet quality, although the differences were not statistically significant in the small study population. Two investigations observed significant associations of different MED indices with β-carotene [13, 21] . Also, higher scores of the HEI were significantly associated with plasma concentration of several carotenoids but not lycopene in several reports [22] [23] [24] [25] . In a 3-month randomized feeding trial with 103 individuals [26] , the DASH diet resulted in significantly higher serum lutein, cryptoxanthin, zeaxanthin, and β-carotene concentrations than in controls on a typical American diet. As carotenoids are mainly found in vegetables and fruits [27] , common components of a high-quality diet [3, 17, 19, 28] , it is not surprising that carotenoids are associated with diet quality. On the other hand, results for lycopene are not as clear [12, [23] [24] [25] , possibly due to its greater bioavailability from processed tomato products, such as pizza, marinara sauce, tomato soup, or ketchup present in low-quality diets [24, 27] .
Inconsistent findings have been reported for vitamin A [12, 13, 24, 26] . In the present analysis, retinol was not significantly associated with diet quality in the adjusted means analysis and only weakly in the trend analysis. Retinol is highly regulated homeostatically and is less dependent on retinol or provitamin A intake as long as enough vitamin A is stored [29] . Consequently, the association is dependent on the concentration of stored vitamin A.
As α-tocopherol has the highest serum concentrations, it is the most frequently investigated tocopherol, but findings have been inconsistent [12, 24, 30] . In the current analysis, the association of diet quality with α-tocopherol was statistically significant and stronger than for some other analytes, as also reported in two previous reports [30, 31] , but was not observed among Finish smokers [32] . Just as for δtocopherol in the current analysis, γand δ-tocopherol were not correlated with dietary intake in an earlier report [31] . Previous investigations in the MEC and another study found inverse correlations of αand γ-tocopherol levels in blood [33, 34] . It appears that a high intake of α-tocopherol, primarily through α-tocopherol supplementation, influences concentration of circulating γ-tocopherol [33] . This may be due to the enhanced metabolism of γ-tocopherol during increased α-tocopherol intake [35] . As γ-tocopherol is the only antioxidant elevated in smokers [36] and in patients with type 2 diabetes [37] , a physiological regulation between the two micronutrients might explain the inverse association of γ-tocopherol with diet quality [24, 24, 30, 31, 31] . Consistent with previous studies, coenzyme Q10 levels were not affected by diet quality; only supplementation appears to influence its plasma concentrations [38, 39] . As supplement use was more frequent among participants with better diet quality, their serum concentrations were higher than in non-users resulting in smaller slope estimates. However, as we could not account for exact amount and type of supplementation, the associations might have been overestimated.
The association of component scores for vegetable consumption with higher concentrations of total carotenoids, carotenes, and luteins, and of fruit consumption with cryptoxanthins present in orange and red fruits, such as papayas and oranges [40] , is well established. For example, specific vegetables and several fruits were good predictors of plasma carotenoids, while pizza was related to lycopene due to the high bioavailability from tomato sauce [41] . Associations of the fruit and vegetable components of different MED scores with β-carotene have been reported repeatedly [13, 21] . However, the association of circulating micronutrients with food groups was weaker than with the total score, as found in the present analysis, suggesting that the benefits of a high diet quality may not only be due to fruits and vegetables but the entire food pattern [13, 21] . This idea is further supported by the associations, although weaker, of the "whole grains," "refined grains," and "empty calories" HEI components with micronutrients. Whole grains contain several carotenoids, especially lutein, zeaxanthin, β-cryptoxanthin, αand β-carotene, and tocopherols in the bran or germ fraction of the grain [42] , although one has to keep in mind the strong correlation of all three components with the overall HEI 2010 score (r = 0.47-0.64; p < 0.0001). On the other hand, whole grains were not major predictors of circulating micronutrients in previous studies [13, 21, 41] . As "refined grains" and "empty calories" were reverse coded and the models were energy adjusted, high scores in these components indicate consumption of other foods possibly vegetables (r = 0.38) and fruits (r = 0.28). In addition, correlations with the overall HEI 2010 score were relatively high for "refined grains" (r = 0.47) and "empty calories" (r = 0.57), which may explain the associations with circulating micronutrients. The nuts/legumes components in the other diet quality indices also showed moderate associations due to their tocopherol and carotenoid content, although lower than for fruits and vegetables [43] and possibly the correlation of nuts with overall diet quality (r = 0.41-0.53; pvalue < 0.0001). The present analysis underlines the importance of investigating dietary patterns rather than single nutrients or foods in studies of nutrition and chronic disease risk and several of these biomarkers may be useful for assessing adherence to dietary patterns [10] .
This study had several limitations, foremost the lack of information on specific type of supplementation at the time of blood draw; exact type of supplementation may have led to attenuation of the associations presented. Nevertheless, a stratified analysis by supplement use showed similar results. However, changes in supplement use over time are likely and we were not able to take this into account. As MEC members were 45 years and older at cohort entry, results can only be generalized to this age group and to the five included ethnic groups. With the many comparisons, false positive findings due to multiple testing are possible. Our intention was to investigate the possible long-term effects of diet quality, but modifications in dietary habits over time may have led to inaccurate estimation of long-term dietary intake.
Despite these limitations, this study had several strengths, in particular the prospective design, which assured that exposure occurred before the outcome. The many years between diet assessment and blood draw allows the evaluation of potential long-term dietary effects and a strong correlation between diet in 1993-96 and 2003-08 was demonstrated [44] and the results for 2001-06 data were similar as for cohort entry. Due to the large size of the MEC, stratification by ethnicity and sex was possible, since only a few cohorts of this size and diversity exist. As the QFFQ was specifically designed for a multiethnic population, it was possible to compare heterogeneous dietary habits within one study population. Only a few previous studies have investigated diet quality and circulating micronutrients, especially for the DASH and AHEI 2010 indices and for δ-and γ-tocopherol and coenzyme Q10. Thus, this analysis adds new evidence to the body of nutrition research.
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